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I. INTRODUCTION 
The energy  r e l e a s e d  by metals burning i n  steam 
a p p l i c a t i o n s  i n c l u d i n g  t o r p e d o  p r o p u l s i o n ,  nuc lear  
v e h i c l e s ,  underwater ordnance, etc. 
has s e v e r a l  import a n t  
react or s a f e t y  , underwater 
This r e p o r t  c o n t i n u e s  t h e  s t u d i e s  t h a t  were p e r f o r a d  by Hallenbeck 211 
and Kol, Fuhs and Berger [2 ]  which are r e l a t e d  t o  underwater shaped charge 
i n v e s t i g a t i o n s .  
I n v e s t i g a t i o n  of burning time of aluminum, magnesium, tantalum, zirconium 
and pyrofuze p a r t i c l e s  i n  steam were r a r e l y  found i n  the l i t e r a t u r e ,  
Leibowitz e t .  al. ,  [31 i g n i t e d  aluminum p a r t i c l e s  of diameter of 360 p 
i n  water and steam by laser beam and measured t h e  burning-time of the r e a c t i n g  
p a r t i c l e s .  I n  t h e  cases of low amount o f  r e a c t i o n  (T=25'C, i?=0,03 ATM where 
T and P are t h e  water tempera ture  and pressure, r e s p e c t i v e l y )  t h e  burning- 
time was 5 t o  10 m .  I n  t h e  cases oE complete r e a c t i o n  (T-lOO'C, 1 8 1 O C  and 
P-1 ,  10 ATM r e s p e c t i v e l y )  long burning times of 213 ms were masured. The 
amount of r e a c t i o n  is  accord ing  t o  amount of alumina formation. 
C a s s e l  e t .  al . ,  [ 4 ]  measured t h e  burning ti= of magnesium particles at 
atmospheric  p r e s s u r e  with 0 2 ,  air ,  premixed 202 + 8 Ar and 202 3- 8He at 1290K 
ambient tempera ture  and found t h a t  120 pm p a r t i c l e s  burned 16.8 i n  a f r ,  
15.75 IRS i n  202 + 8 A r  and 11.5 m , The burning-time i n  02 
was one t e n t h  t h a t  i n  a i r .  
i n  202 + 8He 
Pruchukho e t .  al . ,  [ S ]  measured the burning rime of magnesium p a r t i c k s  
i n  diameter from 34 t o  184 pm and i n  ambient temperature  of 1800'C. For t h e  
p a r t i c l e s  of 90 urn at 1 ATM i n  water vapor,  t h e  burning time of 1 ms was 
obta ined  while i n  mixture  of 35%H20 and 65%N2 at 1 Am and ambient temperature 
from 1050'C t o  11SO"C, t h e  burning t i m e  was 2 as. For p a r t i c l e s  of 180 in t he  
burning t i m e  was 16 ms i n  t h e  same mixture, 
1 
efav et. al,, [6 ]  measured the burning t ime for aluminum and magnesium 
ning  time i n  1 ATM. for 120 aluminum- 
was 18 rps and for 165 magnesium part ic les  was 12 m s ,  The burning 
aluminum part ic les  I n  3 A W  was 30.5 m s .  
elson et .  ds, [71  measured the burning time of 525 zirconium 
xtures Of 02, k/02 and &/02 at 0.82 ATM and found 200 m s  for 
~~%~ 4- 3 ~ % ~ 2  and even longer burnfng t l m e  for 65% Ar + 35%02. 
OD /81 mzasured burning v e l o c i t i e s  of zirconium wires of 1 and 
&lrLxtu~es of air and oxygen and 
t a m  alum and pyrof uze par t i c l e s  * 
nts and part ic le  size 
urn, ~ i r ~ ~ ~ ~ ~ ~ ,  tantalum and pyrofuze 
11. EXPERIMENTAL 
A, Experiment a1 Procedure . "  
The exper iments  were conducted i n  p r e s s u r e  vessel which cons is ted  of 
a twelve i n c h  h i g h  s t a i n l e s s  steel c y l i n d e r ,  10.75 i n c h e s  diameter with four 
evenly  spaced ,  5 i n c h  diameter  o b s e r v a t i o n  p o r t s  welded i n t o  i ts  
circumference. O n e  i n c h  t h i c k .  S c h l i e r e n  q u a l i t y ,  b o r o s i c a l a t e  crown glass 
(RK-7) was i n s t a l l e d  i n  each  port. Two Watlow Band Heaters were used t o  heat 
t h e  a p p a r a t u s  t o  o p e r a t i n g  tempera ture  and four a d d i t i o n a l  Watlow Heaters were 
mounted on o b s e r v a t i o n  p o r t s  i n  order  t o  prevent  steam condensation during 
experiments .  An Omega model 157 D i g i t a l  C o n t r o l l e r  was used f o r  temperature 
s t a b i l i z a t i o n .  The experiments  were conducted i n  p r e s s u r e  range of 20 t o  35 
p s i  and steam tempera ture  of 18OOC. Thermocouples were mounted i n  d i f fe ren t  
l o c a t i o n s  i n s i d e  t h e  chamber t o  measure t h e  i n t e r n  
The aluminum, magnesium, tan ta lum,  zirconium part  f c l e s  were 
genera ted  by the  exploding  wire technique.  The 5 cm l e n g t h  wir 
between two h o l d e r s  and t h e  i g n i t i o n  energy  t r a n s f e r r e d  t o  t h e  
Particle burning time was  measured using P e n t a x  35 m s t i l l  carnera 
equipped w i t h  high speed  l i g h t  chopper (see Figure  1 ) .  Kodak ektachrom 200 
ASA f i l m ,  400 ASA TRI-X PAN f i l m  and P o l a r o i d  40 ASA f i l m  were used f o r  
photography of t h e  time e v e n t s  a long  par t ic le  tracks. 
B. High Speed Light  Chopper 
The l i g h t  chopper w a s  assembled from an U n i v e r s a l  Electric Company 
motor and a 8 i n c h  diameter  balanced disc. The mtor 
6500 WM, and t h e  chopping frequency was i n c r e a s e d  by 
diameter 
c happ i ng 
chopping  
h o l e s  around t h e  circumference of t h e  d i s c .  
was designed t o  be 67 percent  on time and 33 
time is c a l c u l a t e d  as fol lows:  
3 
speed a f t e r  loadln 
us ing  f i f t e e n  1 inch  
The on-off r a t i o  of 
T2 chopping = = 0.77 [ms]  (for 12 holes) 6o 
6500 12 
the chopper periods €or 15 and 12 holes respectively.  
C. The Quenching Technique f o r  P a r t i c l e  S f z e  k a s u r e m e n t  
The diameter of t h e  particles was masured by comparing the  ~ - 
quenched particles t o  s t a n d a r d  wires.  
burning par t ic les  is shown i n  Figure 2. 
The quenching t e c h n i q u e  for t h e  
Figure 2. The Quenching Technique Conf igura t ion  for P a r t i c l e  Quenching 
a.  
b. 
C .  The aluminum f o i l  holders  
d. 
P a r t i c l e  angular f i l t e r  made of t e f l o n  p l a t e  
An aluminum f o i l  impact suppressor  
S t a i n l e s s  s tee l  c o l l e c t o r  p l a t e  (smeared w i t h  
grease ). 
The aluminurn f o i l  was assembled at a d i s t a n c e  29 5 0.5 m b e 1  
t h e  plate was assembled 35 t 0.5 m below t h e  wire. 
5 
1x1. RESULTS 
Lzed in Table 1, In the following tests, the 55 mm focal length lens 
~ ~ ~ ~ e ~ ~ ~ ~ i v ~  phMographs of burning t i m e  experiments are shown 
urn and ~ y r ~ ~ ~ ~ ~  particles are shown in Figure 8. 
ram 6,5 t o  39.5 11~5 and 
ar t ic les  is f r o m  





TABLE 1 (CONTINUED) 
[ME 
I*’;i-YU’Pyrofme 40 9.5 21 350 18.3,12.4,19.2 m 1
L-mal+lr 1 - a ~  I I U P I ~ ) C ~ K  i r x i  t r i  
15 Pyrofuze 40 8 33 400 93,49,30,56,49 









i 3  
* Each burning t ime  was aeasured until onset of the supercooling event. 
I Pyrofuze 200 16 f 22 390 24.4,42.7,53.1,48.8,79.3 .86,.78,.78,.44,.78,.6 




N/A NfA Pyrofuze 400 16 f 46 350 





N/A P y r - r 1 6 + - 3 r  
9 

Figure 4.  Burning Tim Measurement of Hagnesturn Par t ic les  
11 






he d i ~ ~ ~ ~ ~ ~ ~ i o ~  func t ions  of p a r t i c l e  s zes of aluminum, magnesium, 
oEuze as were masured by the quenching technique are 
Th@ ~ ~ ~ ~ t ~ o ~ ~  of the  maxima of che var ious  distribution 
xa 0,125 t o  0,175 ma, but the rails  are d i f f e r e n t .  For 
and t he  
ntalulra and 











Table 2 Sumasy of Results 
IV. DISCUSSION 
The d i s t r i b u t i o n  f u n c t i o n s  of burning t i m e  of aluminum and magnesium have-a " 
distinct maximum f o r  3.75 ms. The longest  burning t i m e  f o r  aluminum was 26.5 ms 
and the longes t  burn ing  time f o r  magnesium was 14 m s .  
Prachukho et .  al. ,  [ 5 ]  measured burning time of 1 ms for  90 lol magnesium 
par t ic les  i n  water vapor, p r e s s u r e  of 1 ATM and at  ambient temperature of 18009Ce 
Considering our d i f f e r e n t  exper imenta l  condi t ions  (about 175 vn p a r t i c l e s  and 
pressure of 1.5-2 ATM) and t h e  fact tha t  the burning time increases w i t h  t h e  
pressure and p a r t i c l e  s i z e  we can conclude agreeroent with our r e s u l t s  (burning 
time Of 3.75 ms) .  Ozerov e t .  a l . ,  [ 6 ]  measured burning t i m  of 18 m s  i n  water- 
Yapor f o r  120 pa aluminum particles and burning t ime of 12 ms for  165 Im magnesium 
P a r t i c l e s  i n  Prachukho's c o n d i t i o n s  and a p p a r a t u s .  These r e s u l t s  are s l i g h t l y  
long@r t h a n  our burning time r e s u l t s  but are  longer than  Prachukho's r e s u l t s  
as well. 
The d i s t r i b u t i o n  f u n c t i o n s  of burning time for zirconium, tantalum and 
que and d i f f e r e n t  particle s i ze  were respons ib l e  fo r  such a long 
ribution func t ions  of burning t i m e  t o  d i s t r i b u t i o n  
owing sets af experilnents 
one can conclude a s ta t is t ical  propor t ion  btween 
rconium, tantalum and 
e missing d a t a  f o r  burning times s h o r t e r  than 8 m s  due 
during the experiments. The ape r tu re s  were deterlnined 
side, and the  relatively 
e other  s i d e .  
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